When morphine is chronically perfused into the prefrontal cortex, the systemic administration of naloxone does not precipitate a withdrawal syndrome (Bozarth 1994) . However, during naloxone-precipitated withdrawal, a significant enhancement of c-fos expression is detected in the prefrontal cortex (Hayward et al. 1990 ), along with a strong increase of dopamine (DA) and noradrenaline (NA) release (Redmond 1987; Rossetti et al. 1993; Bassareo et al. 1995) . These facts point towards a possible role of prefrontocortical monoamines on opiate withdrawal. Furthermore, it has been postulated that the severity of withdrawal parallels changes in NA cortical output, and that some of the behavioral signs of withdrawal may be mediated by an increased activity of the frontocortical noradrenergic system (Gunne 1959 (Gunne , 1963 Rossetti et al. 1993; Redmond 1987) . Prefrontal serotonin (5-HT) appears not to be involved in physical dependence to morphine (Blasig et al. 1976; Bhargava 1979; Silverstone et al. 1993) , except for a possible role on jumping behavior during opiate withdrawal (Cervo et al. 1983 ). However it is known that a complex interdependence between biogenic amines exists within the prefrontal cortex, suggesting that changes in dopamine and noradrenaline could also affect serotonin neurotransmission after morphine (Gobert et al. 1998) .
Within the prefrontal cortex, the medial part (mPFC) is a hub area which plays an important role in the DA system network, since it receives input from the mesocortical DA system, and sends efferents to the nucleus accumbens, dorsal striatum and midbrain DA cell groups. In this context, an inverse relationship between mesocortical and mesolimbic DA systems appears to exist, since the prefrontal cortex possesses corticofugal excitatory neurons that inervate striatal and DA midbrain cell regions, and that prefrontocortical dopaminergic activity inhibits these corticofugal neurons (Glowinski et al. 1984; Grace 1991) . Furthermore, the medial prefrontal cortex receives important noradrenergic and serotonergic inputs from locus coeruleus and raphe nuclei, respectively.
The objectives of this study were to establish the effects of selective dopamine depletion in the medial prefrontal cortex on somatic opiate withdrawal and prefrontocortical neurochemical changes elicited by morphine dependence and withdrawal. Dopamine, noradrenaline and serotonin neurotransmission in the mPFC were evaluated. Dopamine content was also measured in the nucleus accumbens during withdrawal in order to detect if an inverse relationship between mesocortical and mesolimbic dopamine systems exists. Rats were rendered dependent by subcutaneous implantation of morphine pellets, and withdrawal was precipitated by the opiate antagonist naloxone.
MATERIALS AND METHODS

Subjects
Male Wistar rats (275-325 g) from the breeding colony of the Faculty of Medicine of the University of Seville, Spain, were housed in groups of seven. Laboratory temperature was kept at 22 Ϯ 1 Њ C, and a 12-h light-dark cycle (lights on at 08:00 hours) was maintained throughout the experiment. Food (lab chow) and water were available ad libitum.
Surgery and 6-OHDA Lesion
Anaesthesia was induced by an intraperitoneal injection of chloral hydrate (425 mg/kg). Thirty minutes before 6-OHDA lesion, rats were injected with desipramine (15 mg/kg, i.p.) in order to protect noradrenergic terminals from 6-hydroxydopamine toxicity. Rats were then placed into a Kopf stereotaxic apparatus with the incisor bar set 3.3 mm below the interaural line. After scalp incision, burr holes were drilled over the injection sites and a blunted 30-Gauge cannula, connected to a 10 l Hamilton syringe, was lowered to the injection site.
The following coordinates were used: AP ϭ ϩ 3.5 with respect to bregma, L ϭ Ϯ 0.8, V ϭ Ϫ 3.3 ( Ϫ 4.3 below skull surface). At each injection site, 1 l of a solution containing 6-OHDA (2.5 g/l), 0.9% saline, and 0.2% ascorbic acid was injected over 6 min. The cannula was left in place for 1 min after the injection, and then slowly withdrawn at the end of injections. Immediately after surgery, rats were injected with penicillin (100,000 I.U., i.m.). Sham-operated rats followed the same protocol except for the fact that a 6-OHDA-free solution containing 0.9% NaCl and 0.2% ascorbic acid was injected.
Drug Procedure and Groups
Two weeks after 6-OHDA-induced or sham lesion, rats were subcutaneously implanted in the back with one placebo or morphine pellet (75 mg, National Institute of Drug Abuse, Baltimore, MD, USA), under deep anesthesia. The incision was sealed with surgical clips and antiseptic applied to the wound area. One 75 mg morphine pellet maintains a constant level of morphine dependence during at least 14 days (Gold et al. 1994) . Placebo rats (sham, n ϭ 9; lesioned or 6-OHDA group, n ϭ 10) served for HPLC measurements of non-treated naive animals. Morphine dependent rats (sham morphine dependence, n ϭ 10, 6-OHDA morphine dependence group, n ϭ 9) were used for studies of chronic morphine dependence. Finally, the remainder morphinetreated animals served for studies of naloxone-induced opiate withdrawal (sham withdrawal, n ϭ 10; 6-OHDA withdrawal, n ϭ 9).
Naloxone hydrochloride was dissolved in saline (0.9% NaCl) and used to precipitate morphine withdrawal, being supplied by Research Biochemicals International (Natick, MA, USA). Every rat received saline 0, 100, 500, and 1000 g/kg naloxone, at 1, 3, 5, and 7 days after pellet implantation, following a within-subject design and progressively changing the initial dose, in order to minimize learning effects of repeated tests (Maldonado et al. 1992; Gold et al. 1994) . Naloxone was injected immediately before experimental tests, at a volume of 1 ml/kg body weight.
Behavioral Procedure
Animals were tested in a cage with transparent cover (20 ϫ 40 ϫ 25 cm) to allow videotaping. Each test lasted 10 min, a duration of exposure which allows the animal to display most of its behavioral responses during the withdrawal syndrome. Every test was carried out during the light period (13:00 to 18:00 hours). Behavior was videotaped under white light illumination, and video tapes were later played and behavior analysed automatically after direct keyboard entry to a computer programmed to perform statistical and ethological analyses. Tape speed could be modified ( ϫ 1, ϫ 1/5) for scoring fast behavioral patterns more accurately. Behavior was analysed by two highly-trained observer blind for treatment (inter-rater reliability Ն 0.9).
Behavior was recorded by using the complete sampling method (Slater 1978 ). An ethogram comprising seven behavioral patterns was employed. Table 1 shows pattern denominations, and brief decriptions, which were taken partially from several authors (Grant and Mackintosh 1963; Barnett 1975; Gmerek 1988; Espejo et al. 1994 Espejo et al. , 1995 . Several vegetative signs were also quantified: weight loss, intensity of chromodacryorrhea, and rhinorrhea, as well as number of animals suffering from diarrhea. Chromodacryorrhea and rhinorrhea were scored as 0 (absent), 1 (low), 2 (moderate), 3 (intense), and 4 (very intense). Weight loss was evaluated before (matching group) and 1 hour after each test. Each 1% loss above the matching weight was quantified as 1. Morphine withdrawal syndrome was also rated according to the "etho-score" (Espejo et al. 1995) , whose formula is as follows:
Etho-score ϭ (MF/10) ϩ WL where MF ϭ mastication frequency and WL ϭ weight loss.
Neurochemical Analysis
Monoamine levels were measured in the medial PFC in every group and in the nucleus accumbens in controls and abstinent rats. Six days after placebo or morphine pellet implantation, placebo rats and morphine-treated rats without naloxone were killed by decapitation followed by immediate head freezing in liquid nitrogen for 10s. This procedure allowed the determination of monoamine levels in rats with placebo pellets and those with chronic morphine dependence as explained. On the other hand, monoamine levels were also determined in tissue taken of morphine dependent rats during precipitated withdrawal. Thus, on day 7 after pellet implantation, three rats per group were killed by decapitation 80 min after receiving the last and highest naloxone dose (1000 g/kg), followed by immediate head freezing in liquid nitrogen for 10s.
The frozen heads were later stored at Ϫ 4 Њ C to allow them to reach a more manageable temperature before brain removal. Bilateral medial prefrontal cortex and nucleus accumbens were localized, sectioned, and immediately stored at Ϫ 80 Њ C. Later, tissue samples were homogeneized in 0.5 ml of an ice-cold solution containing 0.4 M HClO 4 , 0.5M sodium acetate, and 0.5 M acetic acid, and centrifuged at 27,000 rpm for 60 min at 4 Њ C. The supernatants were decanted and filtered through a 0.45 m filter (Sartorius), and frozen at Ϫ 80 Њ C until high liquid chromatography (HPLC) assay. The electrochemical performance was based essentially on the method described by Saito et al (1992) .
Aliquots (10 l) of each sample were injected directly into the HPLC system (System Gold, Beckman), consisting of a solvent delivery pump with a pulse-dampener, an automatic sample injector (Carnegie Medicine) and an analytical C18 reverse-phase column (Ultrasphere 3 m particle size, 75 ϫ 4.6 mm ID; Beckman). The ESA 
Pattern Description
Exploration
The rat explores the environment, including quiet or mobile exploration, such as walking or rearing. Grooming
The rat licks or scratchs its fur or hands, licks its genitalia, or cleans the face with forelegs Wet dog shake
The rat shakes its body, or moves the hand with quick sideway movements Writhing posture It is characterized by the presence of writhes, which are defined as episodes of hyperextension of the neck along with contraction of abdominal muscles so that the abdomen touches the floor. The rat can also elongate the body, yawn, or masticate. While moving, the rat gaits at short steps. Mastication
The act of masticating and/or swallowing Jumping Leaping off the surface of the cage Teeth-chattering
The rat rapidly clicks teeth together model 5100 A Coulochem electrochemical detection system consisted of a model 5021 conditioning cell (detector setting ϩ 400 mV) followed in sequence by a model 5011 dual electrode analytical cell (cell 1: ϩ 100 mV; cell 2: Ϫ 260 mV). The output signal from the final electrode was amplified by a 5100 A controller and relayed to an integrator (Model 106, Beckman). The detection limit of the system was 0.1 pg/ l. The mobile phase for the separation of catecholamines and their metabolites was a mixture of 0.075 M Na 2 HPO 4 , 1.2 mM sodium heptanosulfonate, 0.097 mM EDTA, and 8% methanol (v/v) adjusted to pH 3.6. The buffer solution was filtered through a 0.45 m membrane filter and degassed. The flow rate was set to 1.7 ml/min and pressure was around 2000 psi. The mobile phase was recycled for two weeks of continuous use before being replaced with fresh solution. The entire chromatographic system was run at ambient temperature. Peaks of biogenic amines and metabolites were indentified by comparing the retention time of each peak in the sample solution with that in the standard solution. The program System Gold 2.01 (Beckman) was used to calculate monoamines levels in each sample. The contents of DA, NA, and 5-HT along with those of the metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and 5-hydroxyindole-3-acetic acid (5-HIAA) were quantified. Dopamine and serotonin turnovers were estimated by the DOPAC/DA and the 5-HIAA/5-HT ratios, respectively.
Statistics and Ethics
Neurochemical data were analysed by using the Student's t-test for comparison of independent groups. Behavioral results were analysed by using two-way ANOVA (group as between factor, naloxone dose as within variable), followed by the Student's t-test for comparison of the two groups at the same dose point. Experiments were performed in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
RESULTS
Neurochemical Data
Regarding dopamine levels, 6-OHDA lesion induced a profound reduction of mPFC DA ( Ϫ 79%, p Ͻ .01). Chronic morphine treatment was not accompanied by changes in mPFC DA levels in sham rats vs sham placebo, and lesioned rats showed similar percent changes during morphine dependence to those observed in sham animals, as shown in Table 2 . These data indicates the emergence of neuroadaptation to chronic morphine in both sham and lesioned animals. During opiate withdrawal, a huge increase of mPFC dopamine content (Table 2) . Prefrontocortical 6-OHDA lesion did not alter mPFC NA levels (Table 2 ). Chronic morphine treatment was not accompanied by changes in mPFC NA levels in sham rats vs sham placebo, and lesioned rats showed similar changes to those observed in sham animals. These data indicate that chronic morphine does not alter basal noradrenaline levels in the mPFC. During opiate withdrawal, a strong increase of noradrenaline content was observed in sham (ϩ109.2%, p Ͻ .01) and lesioned animals (ϩ82.3%, p Ͻ .01) vs. corresponding morphine dependent rats. No significant differences in NA levels were observed between both groups during opiate withdrawal.
Prefrontocortical 5-HT levels were significantly reduced after prefrontocortical 6-OHDA lesion (Ϫ21.7%, p Ͻ .05). Chronic morphine treatment was not accompanied by significant percent changes in mPFC serotonin levels in sham and lesioned rats. During opiate withdrawal, an increase of serotonin content was observed in sham (ϩ 105.6%, p Ͻ .01) and lesioned animals (ϩ50.9%, p Ͻ .05) vs. corresponding morphine dependent rats, although the absolute values were found to be significantly higher in sham than lesioned animals (ϩ44.9%, p Ͻ .05). Similar changes were observed for 5-HIAA, the serotonin metabolite.
The ratio DOPAC/DA, indicative of dopamine turnover, was found to be similar in every group of sham rats, being significantly enhanced in every group of lesioned rats (placebo, ϩ180%; dependent, ϩ233.3%; withdrawal, ϩ337%, p Ͻ .01) vs. corresponding sham groups. Serotonin turnover, as estimated through the 5-HIAA/5-HT ratio, was not modified after prefrontocortical lesion or chronic morphine, being significantly enhanced in sham rats during opiate withdrawal (ϩ171.4%, p Ͻ .01), but not in lesioned animals.
Regarding neurochemical changes in the nucleus accumbens, 6-OHDA lesion per se induced an increase in dopamine and metabolites levels in rats with placebo (DA, ϩ35%, p Ͻ .05; DOPAC, ϩ65.8%; HVA, ϩ66.8%, p Ͻ .01), indicating that there is an inverse relationship between prefrontocortical and accumbal dopaminergic tone (Table 3) . During morphine dependence, the difference between accumbal DA levels of both sham and lesioned groups was further enhanced (ϩ88.7% in lesioned rats, p Ͻ .01). During opiate withdrawal, a significant reduction of dopamine content was observed in sham (Ϫ75.8%, p Ͻ .01) and lesioned rats (Ϫ51%, p Ͻ .01) vs. corresponding morphine dependent groups, together with an enhancement of DA turnover in sham rats only (ϩ236.8%, p Ͻ .01 vs. sham placebo). However, although DA percent changes were similar, dopamine content (pg/mg tissue) in the nucleus accumbens was found to be significantly higher in lesioned than in sham rats during withdrawal (ϩ283.1%, p Ͻ .01), indicating that the accumbal dopaminergic reduction during withdrawal was lower after 6-OHDA lesion.
Behavioral Data During Morphine Withdrawal
Two-way ANOVA indicated significant interaction effects (3, 48 df) for sniffing duration (F ϭ 3.2, p Ͻ .05), rearing duration (F ϭ 4.2, p Ͻ .05), writhing duration (F ϭ 5.7, p Ͻ .01), writhing latency (F ϭ 2.9, p Ͻ .05), number of mastications (F ϭ 12.4, p Ͻ .0001), number of teeth-chattering (F ϭ 19.9, p Ͻ .0001), and etho-score values (F ϭ 11.2, p Ͻ .001).
As for exploratory responses, post-hoc analyses revealed that sniffing duration was significantly lower in lesioned rats at 1000 g/kg naloxone (t ϭ 6.9, p Ͻ .01), and rearing duration was significantly reduced in lesioned rats (100, 500 g/kg, p Ͻ .01; 1000g/kg, p Ͻ .05), indicating that exploration was further reduced after 6-OHDA lesion, as shown in Figure 1 . Regarding writhing posture (Figure 2 ), its duration was enhanced in both sham and lesioned rats after naloxone, but this augmentation was significantly higher in mPFC DA lesioned rats after every dose (p Ͻ .01), and latency was significantly shortened at 100 and 1000 g/kg naloxone (p Ͻ .05).
The number of oral movements (mastication and teeth-chattering) were enhanced in both sham and lesioned rats after naloxone, but the frequency of mastication was found to be significantly higher after 6-OHDA lesion at every dose (100, 500 g/kg, p Ͻ .01; 1000 g/ kg, p Ͻ .05), and teeth-chattering frequency at 1000g/ kg naloxone (p Ͻ .05), as illustrated in Figure 3 . Ethoscore values were also further enhanced after mPFC lesion (100, 1000 g/kg, p Ͻ .01; 500 g/kg, p Ͻ .05), as shown in Table 4 . Behavioral study hence indicated a significant enhancement of the intensity of some symptoms of opiate withdrawal in lesioned rats as revealed by writhing and oral responses and the global score, in parallel to a reduction of exploratory responses. The remainder physical parameters were not significantly changed (Table 4) .
DISCUSSION
The neurochemical findings indicated that noradrenaline levels in the mPFC during chronic morphine dependence were similar to that found in naive rats. It is well known that acute morphine decrease extraneuronal levels of noradrenaline (Gunne 1959 (Gunne , 1963 Maynert and Klingman 1962) , but chronic morphine treatment is known to return noradrenaline to basal levels suggesting that there is adaptation to long-term chronic exposure to the drug (Gunne 1963; Maynert and Klingman 1962; Sloan and Eisenman 1968; Akera and Brody 1968) . Neuroadaptation of dopamine and serotonin activity was also observed after chronic morphine, in accordance with early studies (Gunne 1963; Segal et al. 1972; Puri and Lal 1974; Bhargava and Matwyshyn 1977; Tao and Auerbach 1995) . In this context, brain serotonin is known to be enhanced after acute morphine treatment only (Tao and Auerbach 1995) .
Regarding lesioned rats with placebo, prefrontocortical dopamine levels fell down to 20.8% (Ϫ79.2% reduction) and dopamine turnover was enhanced nearly four-fold, likely as a reactive response due to dopamine lesion in accordance with several authors (Bubser and Schmidt 1990; Hemby et al. 1992; Kurachi et al. 1995) . This enhanced dopamine turnover was quite similar in morphine dependent and abstinent lesioned rats, further indicating that the change in DA turnover is di- Figure 1 . Duration of exploratory responses (walk-sniff and rearing) in sham and 6-OHDA-lesioned rats during naloxone-precipitated withdrawal. Mean Ϯ SEM. * p Ͻ .05; ** p Ͻ .01 vs. sham (Student's t-test). Exploratory behavior, which is normally reduced during opiate withdrawal, was further reduced in lesioned rats. rectly related to the prefrontocortical lesion. Interestingly, dopamine and metabolite contents were enhanced in the nucleus accumbens after 6-OHDA lesion, suggesting that there is an inverse relationship between mesocortical and mesolimbic dopaminergic systems, as proposed by other authors (Glowinski et al. 1984; Grace 1991; Le Moal and Simon 1991; Bassareo et al. 1995) . In this context, it is known that the prefrontal cortex possesses corticofugal excitatory neurons that inervate striatal and DA midbrain cell regions, and that prefrontocortical dopaminergic activity in the prefrontal cortex inhibits these corticofugal neurons (Glowinski et al. 1984; Grace 1991) . Morphine dependence did not alter the basal levels of mPFC or accumbal monoamines in lesioned rats, indicating that the chronic neuroadaptation of mesocortical and mesolimbic dopaminergic systems to morphine remains after prefrontocortical dopamine depletion.
During opiate withdrawal of sham rats, naloxone induced a very strong enhancement of prefrontocortical dopamine, noradrenaline and serotonin levels, together with an enhancement of serotonin turnover. Early studies have shown that a strong increase of dopamine and noradrenaline release takes place in the medial prefrontal cortex during naloxone-precipitated withdrawal (Redmond 1987; Rossetti et al. 1993; Bassareo et al. 1995) , but an enhancement of mPFC serotonin neurotransmission has not been reported so far. This fact points towards a role of prefrontocortical serotonin in opiate withdrawal. After prefrontocortical 6-OHDA lesion, it is worth noting that, although percent changes in dopamine and serotonin levels were similar in sham and lesioned groups, absolute values of prefrontocortical dopamine and serotonin content were much lower in lesioned rats. These differences were not observed as for noradrenaline changes.
Since some behavioral signs of withdrawal were exacerbated in lesioned rats, the findings indicate that the severity of some symptoms of physical opiate withdrawal is mostly related to the prefrontocortical dopamine and serotonin tone rather than to the noradrenergic one. This latter fact is in agreement with previous results from our group where the complete noradrenergic depletion of the locus coeruleus, source of encephalic NA afferents, fails to modify physical opiate withdrawal (Caillé et al. 1999) . In this context, our findings are in contrast with the "classical" hypotheses that behavioral signs of withdrawal are mediated by either an increased activity of NA frontocortical system (Gunne 1959 , 1963 , Rossetti et al. 1993 Redmond 1987) , or a noradrenergic hyperactivity as a whole (Gunne 1959; Montel et al. 1975; Crawley et al. 1979; Laverty and Roth 1980; Brodie et al. 1980; Roth and Redmond 1982; Swann et al. 1983; Rossetti et al. 1993) .
The opiate withdrawal syndrome was exacerbated with respect to some behavioral symptoms such as writhing and oral movements (mastication and teethchattering), in parallel to an enhanced reduction in the exploratory activity. However, other behavioral responses such as wet dog shakes and jumping, and autonomic signs such as diarrhea, rhinorrhea, chromodacryorrhea, and weight loss were not further enhanced after prefrontocortical 6-OHDA lesion. Hence, monoamine changes in the medial prefrontal cortex appear to be related to the intensity of writhing, oral movements and exploration. Noteworthy, oral movements such as licking and mastication are known to be correlated to hyperdopaminergic activity within the medial ventral striatum (nucleus accumbens) or the ventrolateral part of the dorsal striatum (Kelley et al. 1988; Jicha and Salamone 1991; Cools et al. 1993) , suggesting that changes in the prefrontal cortex could reactively modify the . Abbreviations: Naloxone 0, 100, 500, 1000 correspond to 0, 100, 500, and 1000 g/kg naloxone doses, respectively. dopaminergic activity in the striatum and hence the expression of these signs. Our neurochemical data are consistent with these assumptions, since a reduced dopaminergic content was detected in the nucleus accumbens during opiate withdrawal, but this reduction in accumbal DA content was lower after prefrontocortical 6-OHDA lesion. In this context, a reduction of dopamine release has been reported to take place in the nucleus accumbens during opiate withdrawal (Acquas et al. 1991; Pothos et al. 1991; Acquas and Di Chiara 1992; Rossetti et al. 1992) These findings hence indicate that prefrontocortical monoaminergic changes play a role in the behavioral expression of opiate withdrawal, and that the intensity of some signs such as writhing, oral movements and exploration are related to the dopaminergic and serotonergic tone of the medial prefrontal cortex rather than to the noradrenergic one. The findings permit the proposal of the hypothesis that enhanced dopamine and serotonin levels within the medial prefrontal cortex would counteract the severity of writhing and oral movements. Furthermore, it seems that there is a positive relationship between dopamine and serotonin activity in the mPFC, as revealed by a parallel enhancement of both amines during withdrawal, and the reactive serotonergic reduction after prefrontocortical 6-OHDA lesion (Gobert et al. 1998 ). Prefrontocortical noradrenergic system seems to escape the dopaminergic modulation during opiate withdrawal.
Finally, the profound depression of dopaminergic activity in the nucleus accumbens during opiate withdrawal was prevented by prefrontocortical 6-OHDA lesion, indicating that an inverse relationship between mesocortical and mesolimbic dopaminergic systems exists. This fact could account for the increase in oral movements after prefrontocortical lesion, since oral responses are linked to dopaminergic activity in the ventral striatum.
